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(«)TiUc: MAGNETICALLY OKIENTCD TISSUE-EOUlVALnNT AND BIOPOLYMER RODS 



I (57) Abstract 

TLssuc-equivalcni and biopolymer tubes and rods 

I l:"*;'!''*!^*'"''' "^"^'^^ (aligned) by a magnetic 

field. Tliesc oriented hbrils provide enhanced mechanical 
and cell guidance properties to the tissue-equivalent and 
biopolymer tubes. One such tissue-equivalent tube in- 

! eludes a body of collagen gel with mammalian tissue cells 
interspersed therein. Ihc collagen fibrils arc circumferen- 
tially oriented within the tubular body by a magnetic field 
thereby mducing circumferential orientation of the cells' 

I One such biopolymer rod includes collagen fibrils longi- 
tudinally oriented along the rod axis by a magnetic field 
that guides invasion of cells. Methods of making mae- 
netically oriented tissue-equivalent and biopolymer lubes 

I and rods are also disclosed. 
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MAGNETICALLY ORIENTED TISSUE-EQUIVALENT AND BIOPOLYMER RODS 

^ FIELD OF THE INVENTION 

This invention relates to oriented tissue-equivalent and biopolymer 
tubes and in particular bioartificial arteries made of Type I collagen formed into 
tubes having collagen fibrils circumferentially oriented by a magnetic field. The 
present invention additionally relates to tissue regeneration structures, and in 
1 0 particular tissue-equivalent and biopolymer rods for nerve regeneration. 

BACKGROUND OF THE INVENTION 

The demand for artificial blood vessels, and in particular, artificial 
arteries is great. This is due to the fact that over 600,000 surgical procedures 
1 5 involving large and small blood vessels are conducted annually. 

Arteries are complex structures, as the cellular and extracellular 
components of the artery wall are not uniformly distributed. Rather, these cellular 
and extracellular components are organized into discrete layers. These discrete 
layers have a trilaminant structure of an intima, a media and an adventitia. 

The mechanical properties of the artery wall are largely due to 
components of the vessel media layer. Elastin is the most extensible component of 
the vessel media, whereas collagen is relatively stiff. The presence of smooth 
muscle cells is important for two reasons. First, the smooth muscle cells synthesize 
the elastin and collagen present in the vessel media and second, they are capable of 
25 contraction and relaxation in response to various external stimuli including 
vasoactive substances in the blood and sympathetic and parasympathetic nerve 
impulses. Tliese smooth muscle cells are thus an important source of structural 
protein that contribute directly to the strength and elasticity of the vessel wall and 
represent a component of variable elasticity participating in the regulation of vessel 
30 tone. 

The elastin and collagen components confer a non-linear stress-strain 
relationship, in which the elastic modulus of the vessel wall increases (the vessel 
becomes stiffer) as the vessel is distended. The importance of organization to 
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mechanical iunction in the arterial wall is clearly seen when arteries are compared to 
veins of similar size. In arteries, the circumferentially or (helically) oriented smooth 
muscle cells and associated elastin and collagen of the media, provide the 
mechanical strength necessary to withstand the higher pressures that exist in the 
5 arterial circulation. In contrast, the media layer of a vein of similar size is reduced in 
thickness, contains fewer smooth muscle cells, less elastin, and lastly little 
circumferential orientation of smooth muscle collagen and elastin seen as in the 
arteries. 

Several attempts have been made at creating a completely bioartificial 

10 artery. Weinberg and Bell, "A Blood Vessel Model Construction from Collagen and 
Cultured Vascular Cells" in Science, Vol. 231 (1986), pp. 397-400, reported 
production of an artery involving smooth muscle cells and fibroblasts in layers of 
reconstituted Type I collagen that approximate the laminate structure, but not the 
circumferential orientation of natural arteries. These vessel analogs lacked the 

15 mechanical strength necessary to withstand the stress associated vn\h pulsatile blood 
flow in vivo. To increase the strength, proponents of the Weinberg and Bell 
approach were forced to reinforce these arteries with synthetic polymer sheaths, such 
as Dacron®. These bioartificial arteries exhibit a severe drawback in that 
biocompatability problems can ultimately lead to graft failure as reported by Langer 

20 and Vacanti, "Tissue Engineering" in Science . Vol. 260 ( 1 993), pp. 920-926. 
Kanada et al., "Mechanical Stress Induced Cellular Orientation and Phenotypic 
Modulation of 3-D Cultured Smooth Muscle Cells" in ASAIO JoumaL (1993), pp. 
M686-M690, reported a biohybrid vessel which includes polyurethane in order to 
obtain the appropriate mechanical properties. 

25 The orientation of fibrils and cells in collagen has been studied. For 

example, Torbet and Ronziere, "Magnetic Alignment of Collagen During Self- 
Assembly" in Biochem. J. . Vol. 219 (1984), pp. 1057-1059, reported collagen fibril 
orientation in the presence of a magnetic field. Additionally, Guido and Tranquillo, 
"A Methodology for the Systematic and Quantitative Study of Cell Contact 

30 Guidance in Oriented Collagen Gels" in Journal of Cell Science . Vol. 105 (1993), 
pp. 317-331, reported that cells orient in the same direction as the oriented collagen 
fibrils, under the phenomenon known as "cell contact guidance". 
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Despite the study of fibril and cell orientation, there remains the need 
to provide a tissue-equivalent tube that has mechanical properties that enable it to 
better withstand distention, typically associated with pulsatile blood flow in arteries, 
without reinforcing synthetic materials. 
5 Additionally, regeneration of severed peripheral nerves commonly 

results in permanent damage and disability because mature neurons do not normally 
replicate. Once severed, the severed ends of the neurons usually grow in a 
misdirected manner, such that they do not reestablish the original coraiection. 
Numerous anempts have been made to reestablish the comiections, including the 
10 placement of a tube filled with a matrix for bridging the nerve endings. For 

Example, Rosen, "Artificial Nerve Graft Using Collagen as an Extracelluar Matrix 
for Nerve Repair Compared with Suture Autograft in a Rat Model", in Annals of 
P l astic Surcfry , 25:375-387 (1990) reported slightly inferior nerve regeneration 
using tubes filled with collagen gel as compared to nerve autografts, whereas 
Valentini. et al., "Collagen and Laminin Containing Gels Impede Peripheral Nerve 
Regeneration through Semipermeable Nerve Guidance Charniels'", in Excfimnenlal 
NfiUmte. 98:350-356 (1987) reported greatly inferior nerve regeneration as 
compared to saline-filled tubes. 
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'° SUMMARY OF THE INVENTION 

The present invention comprises a tissue-equivalent tube that has a 
cylindrical body made of a reconstituted collagen network with smooth muscle cells 
interspersed therein. The collagen network is comprised of fibrils that orient 
circumferentially within the tubular body. The cells are induced by the oriented 
25 fibrils to also orient circumferentially. The cireumferential orientation of fibrils and 
cells is characteristic of a native artery and results in improved mechanical 
properties. 

The tissue-equivalent tube is formed by a tubular mold having a 
central rod and a concentric outer member, aligned to provide a cavity between the 
30 central rod and the outer member. The mold includes a longitudinal axis, extending 
the length of the mold. The cavity is then filled with a solution of collagen and 
mammalian tissue cells. In one embodiment, the filled tubular mold is then placed 
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into a high strength magnetic field such that the longitudinal axis of the tubular mold 
is substantially parallel to the direction of the magnetic field. The magnetic field 
orients the forming collagen fibrils normal to the direction of the magnetic field, 
such that the collagen fibrils are oriented circumferentially with respect to the tube. 
5 The invention additionally comprises tissue-equivalent and 

biopolymer rods, along with methods for their manufacture and use. In particular, 
these tissue-equivalent and biopolymer rods include axially (longitudinally) aligned 
collagen fibrils that provide a guidance field to exploit the contact response in 
growth cones at the tips of severed nerve endings (neurite tips) to effectively direct 
10 nerve cell growth across the^gap between severed nerve endings, regenerating 
mature nerves. 

The tissue-equivalent rods are formed by using a cylindrical (rod- 
shaped) mold with a cavity therein, including a longitudinal axis extending the 
length of the mold and a transverse axis extending the width of the mold. The cavity 

15 is then filled with a solution of collagen and mammalian tissue cells, preferably 

Schwann Cells. In one embodiment, the filled cylindrical mold is then placed into a 
high strength magnetic field such that the longitudinal axis of the tubular mold is 
substantially perpendicular to the direction of the magnetic field. The magnetic field 
aligns (orients) the forming collagen fibrils normal (perj>endicular) to the direction 

20 of the magnetic field, such that the collagen fibrils are aligned (oriented) 
substantially parallel to the direction of the longitudinal axis. 

The biopolymer rods are formed by using a cylindrical mold with a 
cavity therein, including a longitudinal axis extending the length of the mold and a 
transverse axis extending the width of the mold. The cavity is then filled with a 

25 solution of collagen and polymer beads, that include encapsulated neurotrophic 
factors. In one embodiment, the filled cylindrical mold is then placed into a high 
strength magnetic field such.that the longitudinal axis of the cylindrical mold is 
substantially perpendicular to the direction of the magnetic field. The magnetic field 
aligns (orients) the forming collagen fibrils normal (perpendicular) to the direction 

30 of the magnetic field, such that the collagen fibrils are aligned (oriented) 
substantially parallel to the direction of the longimdinal axis. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
The present invention will be described with reference to the 
accompanying drawings, wherein like reference numerals identify like components. 
In the drawings: 

5 FIG. 1 is a side view of the tubular mold of the present invention; 

FIG. 2 is an illustraUon of a control tissue-equivalent tube; 
FIG. 3 is an illustration of a circumferentially oriented tissue- 
equivalent tube of the present invention; 

FIG. 4 is an illustraUon of an axially oriented biopolymer tube of the 
10 present invention; 

FIG. 5 is a micrograph of the conu-ol tissue-equivalent tube; 
FIG. 6 is a micrograph of the circumferentially oriented tissue- 
equivalent tube of the present invention; 

FIG. 7 is a chart of a creep test in the circumferential direction on the 
control tissue-equivalent tube and the circumferentially oriented tissue-equivalent 
tube of the present invention. 

FIG. 8 is a perspective view of a cylindrical mold of the invention; 
FIG. 9 is a perspective view of the cylindrical mold of the invention 
having been filled with a collagen solution that is forming collagen fibrils in the 
20 presence of a magnetic field (B); 

FIG. 10 is a perspective view of an axially aligned biopolymer or 
tissue-equivalem (collagen gel) rod of the present invention; 

FIG. 1 la is a perspective view of a severed nerve; 
FIG. 1 1 b is a perspective view of the axially aligned biopolymer or 
tissue-equivalent (collagen gel) rod of the present invention being applied to the 
severed nerve of FIG. 1 1 a; 

FIG. 1 2a is a micrograph of a dorsal root ganglia (ORG) cultured in 
an aligned biopolymer (collagen gel) rod; 

FIG. 12b is a micrograph of a dorsal root ganglia cultured in an 
30 isotropic biopolymer (collagen gel) rod; 
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FIG. 1 3a is a perspective view of a dorsal root ganglia having been 
placed onto one end of an aligned biopolymer (collagen gel) rod of the present 
invention; 

FIG. 1 3b is a perspective view of a dorsal root ganglia having been 
5 placed onto one end of a non-aligned (isotropic) biopolymer (collagen gel) rod; 

FIG. 1 4a is a birefringence diagram of light intensity (mean gray 
level) versus rotation (degrees) for the longitudinally aligned (oriented) biopolymer 
(collagen gel) rod of FIG. 13a of the present invention; and 

FIG. 14b is a birefringence diagram of light intensity (mean gray 
10 level) versus rotation (degrees) for the isotropic biopolymer (collagen gel) rod of 
FIG. 13b. 



DETAILED DESCRIPTION OF THE INVENTION 

As used in the present invention, ""tissue-equivalent tubes" or "tissue- 

15 equivalent rods'' refer to tubes or rods formed of collagen or fibrin and mammalian 
tissue cells. "Biopolymer tubes" or "biopolymer rods" refer to tubes or rods formed 
of collagen or fibrin, without the mammalian tissue cells. The term "oriented", 
refers to the fibrils of the collagen or fibrin, which form the tissue-equivalent or 
biopolymer tubes, or rods, respectively, being substantially aligned in a specific 

20 direction, e.g., axially (along the longitudinal axis of the tube or rod). 

The oriented tissue-equivalent tubes of the invention are formed of a 
solution comprising collagen and mammalian tissue cells, placed into a tubular 
mold, and subjected to a magnetic field, causing the forming collagen fibrils to 
become oriented in a direction substantially normal to the direction of the magnetic 

25 field. Accordingly, a filled tubular mold placed into the magnetic field, such that its 
longitudinal axis is parallel to the magnetic field, will have circumferential ly 
oriented fibers, while a filled tubular mold, placed into the magnetic field such that 
its longitudinal axis is substantially perpendicular to the direction of the magnetic 
field, will have axially oriented fibrils. 

30 Additionally, biopolymer tubes can be made of pure collagen. Unlike 

the tissue-equivalent tubes, these biopolymer tubes lack mammalian tissue cells. 
However, similar to the tissue-equivalent tubes made of the collagen solution 
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(collagen and mammalian tissue cells), the collagen f.brils orient in the desired 
direction based upon the positioning of the filled tubular mold with respect to the 
direction of the magnetic field. 

Moreover, tissue-equivalent tubes and biopolymer tubes could be 
5 made by the method of the present invention by another tissue matrix material such 
as fibrin. A fibrin-forming solution, prepared in accordance with conventional 
methods known in the art. would be placed in a tubular mold and subjected to a 
magnetic field. As reported by Torbet, "Fibrin Assembly in Human Plasma and 
Fibrinogen/Albumin Mixtures" in Biodlfiinisia. Vol. 25 (1986), pp. 5309-5314 
10 which is incorporated by reference herein, fibrin fibrils, when subjected to a 
magnetic field, orient in a direction substantially parallel to the direction of the 
magnetic field. This behavior in the presence of a magnetic field is opposite that of 
collagen fibrils. Accordingly, a tubular mold formed with fibrin-forming solution 
and placed into the magnetic field such that its longitudinal axis is parallel to the 
magnetic field will have axially oriented fibers, while a filled tubular mold placed 
mto the magnetic field such that its longitudinal axis is substantially perpendicular to 
the direction of the magnetic field will have circumferentially oriented fibrils. 

The collagen referred to above is any monomeric collagen, that self- 
assembles into fibrils, such as Type I collagen or the like, prepared by any 
conventional procedures. The mammalian tissue cells referred to above could be 
grown by any conventional cell growth and culturing method. The tubular molds 
referred to above could be any mold having a solid rod concentric with an outer 
member. Both the solid central rod and the outer member are made of materials 
which will not adhere to the gelled solution, in order that a tube with an open central 
25 lumen can be removed. 

The present invention envisions molds of single and mulUple piece 
construction. For example, the solid central rod and outer member can be discrete 
members. In such a case, the outer member is preferably a cylindrical tube. 
However, rectangular or hexagonal shaped tubes, or the like may also be used. A 
separate solid rod serves as a second component of the mold. TTiis rod can be 
formed as a separate member, attached to a plunger (if a syringe barrel forms the 
outer member) or other portion of the outer member of the mold. The solid rod can 
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also be formed integral with the plunger. Alternately, a single piece construction, 
having a fonned outer member, bore, barrel, or the like, with an internally positioned 
axial rod component is permissible. The dimensions and spatial relationships of the 
outer member and central rod can be varied by one skilled in the art, based on the 
5 disclosures herein. Additionally, the tubular mold, or various components thereof, 
can be made of materials such as Teflon® polyethylene, polypropylene, 
polyurethane, other equivalent plastic materials, or other non-porous non-magnetic 
materials. 

Turning now to the drawing figures, which show embodiments of the 

10 present invention, FIG. 1 shows a tubular mold 20 for making the tissue-equivalent 
tubes and biopolymer tubes of the invention. The tubular mold 20 is fonned from a 
Teflon® rod 22 and a cylinder 24, preferably formed of a syringe barrel. The 
Teflon® rod 22 is attached to a plunger 26 at the plunger disc 28. The disc 28 
frictionally engages the inner surface 30 of the cylinder 24. 

1 5 The Teflon® rod 22 is preferably at the center of the cylinder 24. The 

inner surface 30 of the cylinder 24 and the outer surface 32 of the Teflon® rod 22 are 
spaced apart such that there is a tubular cavity 34 in the space therebetween. The 
Teflon® rod 22 is positioned in this manner to provide the resultant tubes 40, 50, 60 
(FIGs. 2-4) with a central lumen 44, 54, 64 (FIGs. 2-4) upon removal from the 

20 tubular mold 20. The tubular mold 20 includes an opening 35 for receiving the 
collagen solution and openings 36 for releasing air displaced by the collagen 
solution. The tubular mold 20 is designed such that a collagen solution injected 
therein can be easily removed as a collagen tube. 

This tubular mold 20 includes a longitudinal axis 38 and a transverse 

25 axis 39. These axes 38, 39 will be used to illustrate the directions of fibril 
orientation. 

FIG. 2 shows a tissue-equivalent tube 40, made from the tubular mold 
20 of FIG. 1, that is used as a control. The tube 40 has a cylindrical body 42 around 
a central lumen 44. The body 42 includes randomly oriented collagen fibrils 45 and 
30 mammalian tissue cells 46. The tube 40 is formed from a solution of collagen and 
manmialian tissue cells injected into the tubular mold 20 (FIG. I) and removed once 
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the collagen has self-assembled into fibrils 45 entrapping the mammalian tissue cells 



20 



25 



46. 



The collagen used for this control tube 40 is preferably monomeric 
Type I collagen, or the like, in a cold (approximately 5°C) neutral solution. The 
5 mammalian tissue cells are preferably smooth muscle cells having been grown by 
conventional cell growth and culture methods, well known to those skilled in the art. 
The mammalian tissue cells are then dispersed into the cold collagen solution in 
accordance with the procedure detailed below in Example 1 . 

The cold solution is then injected into small (pinhole sized) openings 
10 35 in the tubular mold 20. Fibrillogenesis begins as the tubular mold 20 (FIG. I)is 
then transferred to a constant temperanire box, for incubation in the temperature 
range of approximately SO^C to 40°C for approximately two hours, during which 
firbillogenesis is normally completed. These steps, as well as additional steps 
required to complete the fabrication of the control tube 40, are described in detail in 
15 Example I, below. 

FIG. 3 shows a tissue-equivalent tube 50 of the invention. This tube 
50 has a cylindrical body 52 around a central lumen 54. The body 52 includes 
circumferentially oriented collagen fibrils 55 and mammalian tissue cells 56. TTie 
tube 50 includes a longitudinal axis 58 and a transverse axis 59 and is formed from a 
solution of collagen, including fibrils 55, with mammalian tissue cells 56. The 
collagen fibrils 55 and mammalian tissue cells 56 of this tube 50 are 
circumferentially oriented along the transverse axis 59. This circumferential 
orientation of fibrils 55 and mammalian tissue cells 56 in the tube 50 provides 
enhanced mechanical strength in the transvei^e direction, to help prevent it from 
longitudinal splitting. Additionally, it is believed that the mammalian tissue cells 
56, fiirther mechanically strengthen the circumferentially oriented tube 50 by a 
phenomenon known as "cell uaction". This phenomenon of "cell traction" occurs as 
the mammalian tissue cells 56 place the fibrils 55 in tension while elaborating other 
reinforcing extracellular matrix molecules, such as elastin, in the collagen, as they 
30 differentiate in the tissue-equivalent environment. 

The collagen used for the tube 50 of the invention is identical to that 
described above in reference to the control tube 40 of FIG. 1. The mammalian tissue 
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cells 56 are preferably smooth muscle cells, identical to those described above in 
reference to the control tube 40 of FIG. 1, 

The solution of collagen and mammalian tissue cells is prepared as 
described for the control tube 40 of FIG. 1, above (as described in detail in Example 
5 1 , below), except that the initiation of fibrillogenesis is substantially simultaneous 
with the filled tubular mold 20 (FIG. 1) being placed into a high strength (4.7 to 9 
Tesla) magnetic field. The magnetic field is preferably a static magnetic field 
generated by a horizontal bore electromagnet, such as a 4.7 Tesla Model, fi-om the 
Oxford Company of the United Kingdom. Specifically, the filled tubular mold 20 

1 0 (FIG. 1 ) is placed into the magnetic field at an orientation such that its longitudinal 
axis 38 (FIG. 1) is parallel to the direction of the magnetic field. This incubation, 
where collagen fibril orientation occurs lasts approximately two hours. These steps 
are described in detail in Example 2, below. 

This positioning of the filled tubular mold 20 (FIG. 1) in the magnetic 

1 5 field causes the growing collagen fibrils 56 to orient circumferentially in the 
direction of the transverse axis 39 (FIG. 1). The orientation of the fibrils 55 is 
additionally aided by alteration of the parameters, one parameter being the distance 
between the outer surface of the Teflon® rod 32 (FIG. 1) and the inner surface of the 
outer cylinder 30 (FIG. 1 ). By having a cavity 34 (FIG. 1 ) with a short distance 

20 between the surfaces 30, 32, the orienting effect of the magnetic field in the growing 
fibrils in the circumferential direction is maximized as the surfaces of the Teflon® 
rod 22 and the cylinder 24 (FIG. 1) assist in the alignment. 

In the present invention, the smooth muscle cells are induced to 
exhibit circumferential orientation (induced by the circumferentially oriented fibrils 

25 described above), similar to that of the smooth muscle cells in the medial layer of an 
artery. According to the method described herein, this smooth muscle cell 
orientation contributes to the mechanical properties of the circumferentially oriented 
tube 50. 

The circumferentially oriented tissue-equivalent tubes of the 
30 invention are useful as artificial blood vessels, and in particular arteries, as they are 
reinforced in a circumferential direction, providing additional strength to withstand 
the distension associated with pulsatile blood flow. However, these oriented tissue- 
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equivalent tubes, along with tissue-equivalent tubes having fibrils aligned along the 
longitudinal axis 58 of the tube, known as "axially oriented" (produced by the 
method detailed in Example 2. below, except that the fibril orienting step is such that 
the filled mold is placed such that its longitudinal axis is substantially perpendicular 
> to the direction of the magnetic field, during fibrillogenesis), may find use as 
bioartifical ureters, urethras, tracheas. an esophagus, intestines, and other tubular 
organs. Sheets of this material could also be produced using sheet molds instead of 
the tubular molds described above, in order to produce planar structures such as skin 
or bladders. 

Alternately, the cold collagen solution may be kept pure (i.e.. without 
cells) and formed into oriented biopolymer tubes in accordance with the procedures 
detailed below in Examples 1 and 2. If an axially oriented biopolymer tube formed 
from th.s pure cold collagen solution were desired, the orientation step (detailed in 
Example 2, below), would be such that the filled tubular mold would be placed into 
the magnetic field such that its longitudinal axis is substantially perpendicular to the 
direction of the magnetic field. With respect to these tubes, they would be weaker 
than those with d,e smooth muscle cells, for the smooth muscles cells enhance the 
mechanical properties of the tubes. 

FIG. 4 shows a biopolymer tube 60 of the invention. This tube 60 
has a cylindrical body 62 around a central lumen 64. The body 62 includes fibrin 
fibnls 65 oriented along the longitudinal axis 68. known as "axially oriented" TTie 
tube 60 also has a transverse axis 69. n,e tube 60 is formed from a fibrin-fomiing 
solution including fibrinogen and thrombin, prepared in accordance with that 
described in Torbet. "Fibrin Assembly in Human Plasma and Fibrinogen/Albumin 
Mixtures" in Biodmy, Vol. 25 (1986). pp. 5309-5314. fibrin-forming 
solution is then made into an axially oriented biopolymer tube in accordance with 
Examples 1 and 2 below. However, should a tissue-equivalent tube with 
circumferentially oriented fibrin fibrils (oriented along the transverse axis 69) be 
desired, the orientation step would be opposite that disclosed in Example 2 below as 
the filled tubular mold 20 (FIG. 1) would be placed into the magnetic field such that 
Its longitudinal axis 68 is perpendicular to the direction of the magnetic field 
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These axially oriented fibrin tubes, as well as axialiy oriented 
collagen biopolymer tubes (discussed above) are particularly useful as nerve 
regeneration conduits. This is due to the fact that the axially oriented fibrils 65 can 
serve to guide the inward growth and movement of host neurons 70 at opposite ends 
5 of the tube 60, such that the neurons at each end ultimately grow together. 

Rejoining of the severed nerve would occur in less time as compared to a randomly 
oriented biopolymer tube. 

Turning now to FIGs. 5 and 6, there are shown micrographs of a 
conu^ol tissue-equivalent tube (FIG. 5) and a circumferentially oriented tissue- 

10 equivalent tube (FIG. 6), produced in accordance with the invention, as detailed in 
Examples 1 and 2 below. In FIGs. 5 and 6, the horizontal dimension is coincident 
with the longitudinal direction of the tube and the vertical dimension is coincident 
with the circumferential (transverse) direction of the tube. In FIG. 5, the cells appear 
randomly oriented in this control tube, while in FIG. 6, the cells appear 

15 circumferentially oriented. 

Turning now to FIGs. 8 and 9, there is shown a cylindrical mold 120 
for making the tissue-equivalent and biopolymer rods 130 (FIG. 10) of the present 
invention. These tissue-equivalent and biopolymer rods 130 are manufactured 
similarly, with the differences in the manufacturing steps noted below. 

20 The cylindrical mold 120 for making these tissue-equivalent and 

biopolymer rods 130 is preferably formed of a TEFLON® cylinder 122 (preferably 
approximately 15 mm in length) having a cavity (lumen) 123, preferably of a 
diameter corresponding to that of a peripheral nerve (approximately 0.5-2nrun). The 
ends of the cylinder 122 receive plugs 124, 125. Altenoately, biodegradable or 

25 bioresorbable polymer cylinders may be used as the cylindrical mold 120. 

A first plug 124 is initially pushed into the cylinder 122 for the mold 
to receive collagen solution (made in accordance with the solutions described 
herein), preferably by injection from a syringe 126. Once the cavity (lumen) 123 is; 
filled, the second plug 125 is fitted into the cylinder 122 The cylindrical mold 120 is 

30 designed such that the collagen solution injected therein can be easily removed as a 
collagen gel rod. Alternately, if the biodegradable or bioresorbable cylinder is used 
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as the cylindrical mold, the collagen gel rod is not removed from the biodegradable 
or bioresorbable cylinder. 

This cylindrical mold 120 includes a longitudinal axis 128 and a 
tiansverse axis 129. IT^ese axes 128. 129 will be used to illustrate the directions of 
fibnl ahgnment (orientation) in the resultant tissue-equivalent and Copolymer rods. 

The collagen used for these tissue-equivalent or biopolymer rods is 
preferably monomeric Type I collagen, or the like, in a cold (approximately S^C) 
neutral solution, prepared in accordance with Example 1 below. If a tissue- 
equivalent rod is desired, the solution includes mammalian tissue cells, that are 
preferably Schwann Cells and/or fiboblasts/endothelial cells, having been grown by 
conventional cell growth and culture methods, well known to those skilled in the art 
The mammalian tissue cells are then dispersed into the cold collagen solution in 
accordance with the procedure detailed below in Example 1. except that the smooth 
muscle cells (mammalian tissue cells of Example 1) are substituted with Schwann 
1 5 Cells and/or fiboblasts/endothelial cells. 

Alternately, if a biopolymer rod is desired, in a preferred step, small 

(approximately 10-15micrometerdiameter)biodegradable/bioresorbable polymer 
beads with encapsulated neurotrophic factors (such as nerve growth factor) are 
added to the cold collagen neutral solution. These biodegradable/bioresorbable 
polymer beads would be added to the collagen solution similar to the mammalian 
fssue cells, in accordance with Example 1 below. The polymer beads would 
function similar to the Schwann cells, of the tissue-equivalent rods, by releasing the 
encapsulated neurotropic factor(s) that serve as an additional stimulus for neural 
growlh (e.g., neurite elongation). 

The cold solution is then injected from the syringe 126 into the cavity 
123 of the cylindrical mold 120. Injection of the solution is preferably done slowly 
to avoid fomiation of air bubbles or air pockets. In accordance with Example 2, as 
detailed below, fibrillogenesis begins as the filled cylindrical mold 120 (FIG. 9) is 
then transferred to a constant temperature box, for incubation in the temperature 
range of approximately 30«'C to 40<>C. and is placed in a high strength (preferably at 
least 4 Tesla) magnetic field, as described above and in Examples 1 and 2 below, 
with the longitudinal axis 128 oriented substantially perpendicular to the direction of 
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the magnetic field (B) (indicated by anx>ws 132), for approximately two hours. 
Additional detail for performing these steps is provided in Examples 1 and 2 below, 
except thai the tissue-equivalent and biopolymer rods of the invention are subject to 
fibrillogenesis (collagen fibril self assembly) in the presence of a magnetic field. 
5 Upon removal fit)m the magnetic field, the now-formed tissue- 

equivalent and biopolymer rods are removed from the TEFLON® cylindrical molds, 
by allowing the rods to slide out of the molds. If the molds are formed of 
biodegradable or bioresorbable polymer cylinders, these cylinders are preferably not 
removed, and remain as part of the rod for subsequent use. The resultant rods may 
10 be subject to further processing by steps similar to those described in Example 2 
below. 

FIG. 10 shows a tissue-equivalent or biopolymer rod 130, made from 
the cylindrical mold 120. (The manfimalian tissue cells of the tissue-equivalent rod 
and the polymer beads of the biopolymer rod are too small to be observed in this 

15 drawing figure.) The tissue-equivalent or biopolymer rod 130 preferably includes a 
cylindrical body 134 with longitudinally aligned (oriented) collagen fibrils 135, in 
the direction of the longitudinal axis 128. (In this drawing figure, the cylindrical 
mold 120, if a TEFLON® cylinder, has been removed.) 

As stated above, one use of the tissue-equivalent rods and biopolymer 

20 rods 130 of the invention is for peripheral nerve regeneration. As shown in FIGs. 
1 la and 1 lb, there is a severed nerve 140 having a gap 142 between its severed ends 
144, 145. The tissue-equivalent or biopolymer rod 130 is placed in the gap 142, and 
connected to each of the severed nerve ends 144, 145, for example, by sutures 146, 
147. The tissue-equivalent or biopolymer rod 130 comprised of longitudinally 

25 aligned (oriented) collagen fibrils serves to guide neural growth across the gap 

between the severed nerve endings, thereby promoting regeneration of the original 
neural connection. This process has been simulated with a Dorsal Root Ganglia 
(DRG) from a chick embryo, and is detailed below in Examples 4-6. 

Tissue-equivalent rods and biopolymer rods of fibrin may also be 

30 made in accordance with the invention. These tissue-equivalent and biopolymer 
rods have a cylindrical body, that includes fibrin fibrils oriented along the 
longitudinal axis (the longitudinal axis defined in accordance with FIGs. 8-10 
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above), known as "axially oriented". The rods is formed from a fibrin-forming 
solution including fibrinogen and thrombin, prepared in accordance with that 
described in Torbet. "Fibrin Assembly in Human Plasma and Fibrinogen/Albumin 
Mixtures" in fiifichamsttj:. Vol. 25 (1986), pp. 5309-53 14. In the case of tissue- 
equivalent fibrin rods, mammalian tissue cells (i.e., Schwann Cells and/or 
fibroblasts/endothelial cells) may be added to the fibrin-forming solution in 
accordance with the preparations discussed above. In the case of biopolymer fibrin 
rods, polymer beads (as discussed above), may be added to the fibrin-forming 
solution in accordance with the preparations discussed above. These fibrin-forming 
solutions are then placed into a cylindrical mold (of a TEFLON® cylinder, or a 
bioresorbable or biodegradable material cylinder) and made into an axially oriented 
biopolymer rod (with the resultant fibrils aligned in the direction of the longitudinal 
axis) in accordance with Examples 1 and 2 below (such that die cylindrical molds 
are placed into the magnetic field parallel to the direction of the magnetic field). 

EXAMPT.F 1 

The control tube of FIG. 5 is prepared as follows. 20 microliters of 
cold (5°C) HEPES Buffer Solution (1 M) (No. 4573, The MerHnH.^ , , th ed.) are 
mixed with 50 microliters lOx Gibco Minimum Essential Medium (MEM) (Gibco 
BRL, Gaithersburg. Maryland 20877) in a disposable 15ml sterile vial. 132 
microliters of room temperature NaOH (O.IN) is then added to the HEPES-MEM 
solution. 

A soluUon is then prepared as 60 microliters of Fetal Bovine Serum 
(FBS) from Hyclone Laboratories, Inc., Logan, Utah 84321, I microliter of 
Penicillin-Streptomycin solution (5000 units of Penicillin and 5000 micrograms 
Streptomycin per millimeter in 0.85% saline solution) (Pen-Strep), and 10 
microliters L-Glutamate solution (29.2 milligrams per milliliter) in 0.85% saline 
solution) are obtained from separate stocks, and each is frozen -20°C. The separate 
FBS, Pen-Strep, and L-Glutamate are wanned to room temperature and individually 
30 added to the 1 5ml vial. 
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677 microliters of cold (5°C) Vitrogen® 100 Collagen, available from 
Celtrix Pharmaceuticals, Inc., 3055 Patrick Henry Drive, Santa Clara, California 
95054, are then added and the solution is gently mixed with a pipette. 

A cold {5''C) cell suspension of smooth muscle cells (approximately 
5 4x10^ cells/ml) suspended in 50 microliters Gibco Medium 1 99 (M-1 99) (Gibco 
BRL, Gatithersburg, Maryland 20877) is prepared. The solution includes rat aortic 
smooth muscle cells prepared in accordance with the method disclosed in Diglio, et 
al., "Rat Cerebral Microvascular Smooth Muscle Cells in Culture" in J. Cell. 
Physiol , Vol. 129(2) (1986), pp. 131-141, which is incorporated by reference herein. 

10 The cells were maintained in Gibco Dulbecco's Modified Eagle Medium (DMEM) 
(Gibco BRL, Gaithersburg, Maryland 20877) containing 10% Fetal Bovine Serum 
(FBS) and were subcultured twice weekly. Only cells below passage 25 that retain 
the phenotypic traits of expressing smooth muscle cell specific alpha-actin and 
myosin, and not the Factor Vlll-related antigen were used here. This cold cell 

1 5 suspension is now added to the 1 5ml vial. 

The contents of the 15ml vial are gently mixed with a pipette. The 
solution is kept on ice all the while. The cell and collagen solution is syringed out 
using standard sterile 3 milliliter syringes and is injected into a sterile mold. The 
mold was previously sterilized by soaking in 70% ethanol and followed by repeated 

20 rinsing with sterile water. The opening on the mold to inject the solution is covered 
with Parafilm® (American National Can Company, Chicago, Illinois) and the mold 
is placed on ice. The mold has an outer diameter of 1 .2 centimeters and an inner 
diameter (for the central solid rod) of 0.635 centimeters, and a length of 1.2 
centimeters. The process is repeated until the desired amount of molds are foil. The 

25 molds are then placed in an incubator at 32°C for two hours (the fibrillogenesis 
period). 



EXAMPLE 2 

The tubes of FIG. 6 were initially prepared in accordance with 
30 Example 1 above, except that the mold(s) once foil are not placed in an incubator at 
32°C for the two hour fibrillogenesis period. Rather, the air and water tight molds 
are taken to a 4.7 Tesla magnet (Oxford Company, United Kingdom) on ice, and 
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once there they are removed from the ice bath and placed in 1.25 inch thick 
styrofoam boxes filled with water at 32'>C. The molds are submerged in the water. 
The styrofoam box, containing the submerged molds, is then placed in a plastic bag 
and slid into the bore of the magnet, where the collagen solution in the molds is left 
10 self-assemble for 2 hours (the f.brillogenesis period). In order to minimize 
gravity-induced cell settling during fibrillogenesis. the molds are briefly removed 
from the magnet and carefully rotated 1 80° and returned to the magnet. This 
procedure is done at 10 minute intervals. 

When the two hours are up, the molds are removed from the magnet. 
Immediately, in a sterile hood, the molds are opened and the tissue-equivalent tubes 
are removed and placed in sterile 30 milliliter glass vials filled with 20 milliliters of 
M-199 cell culture medium supplemented with 5% (by volume) L-Glutamine, 5% 
(by volume) Fungizone® (E. R. Squibb & Sons. Inc.. New York. New York) (250 
micrograms amphotericin B and 205 micrograms sodium deoxytcholate/milliliter in 
sterile/distilled water). 5% (by volume) Penicillin-Streptomycin solution (5000 units 
of Penicillin and 5000 micrograms steptomycin per milliliter in 0.85% saline 
solution), and 10% (by volume) Hyclone Fetal Bovine Serum. Smaller (1/8 inch) 
diameter sterile Teflon® rods are placed in the lumens of the tubes and they are 
subsequently placed in an incubator at 37°C for extended periods of time (as long as 
is desired). The M-199 cell culture medium with supplements (described above) in 
the 30ml glass vials is replaced at two day intervals. 



25 



30 



EXAMPI.R^ 

The control tissue-equivalent tube (FIG. 5) and the circumferentially 
oriented tissue-equivalent mbe (FIG. 6) were both subsequently cultured in an 
incubator at 37^ for 108 hours and then tested on a Liveco Vitrodyne® 200, 
available fVom Liveco. Inc. of Buriington. Vemiom. The testing procedure involved 
first, slowly extending the tubes to a collapsed state and then allowing the tubes time 
to equilibrate before testing. TTiis testing mode simulated distension in an artery. 
Creep compliance was measured over time and the results are plotted in FIG. 7. The 
circumferentially oriented lissue-equivalem tube response is line 100 while the 
unoriented (control) tissue-equivalem tube response is line 102. Based on these 
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responses, the circumferentially oriented tube showed less instantaneous creep, as it 
was stiffer (less elastic) than the unoriented (control) tube. The creep rate at longer 
times is also somewhat less for the oriented tube (FIG. 6), indicating that it is also 
more viscous. 

5 

EXAMPLE 4 

Dorsal Root Ganglia (DRG) was explanted from a day 12 chick 
embryo and cultured (by direct entrapment) into an aligned biopolymer (collagen 
gel) rod, prepared in accordance with the above described methods for producing 

1 0 biopolymer rods of the present invention, except polymer beads (as described abov e) 
were not included. As illustrated in the micrograph of FIG. 12a, taken two days 
after the culture, the aligned biopolymer collagen gel rod 1 50a (having fibrils 
aligned in the direction of the arrow 151) showed neurites 152a that elongated from 
the DRG 154a in the same direction as the fibril alignment (orientation). The 

1 5 neurites were imaged by antibody staining (anti-neurofilament 200 KD). 

EXAMPLE 5 

Dorsal Root Ganglia (DRG) was explanted and cultured by direct 
entrapment from a day 12 chick embryo into an isotropic (non-aligned fibril) 
20 biopolymer (collagen gel) rod. The isotropic biopolymer (collagen gel) rod was 

prepared by the method described in Example 1 . As illustrated by the micrograph of 
FIG. 12b, taken two days after the culture, the isotropic biopolymer (collagen gel) 
rod 150b showed neurites 152b that elongated randomly from the DRG 154b. The 
neurites were imaged by antibody staining (anti-neurofilament 200 KD). 

25 

EXAMPLE 6 

A magnetically oriented biopolymer (collagen gel) rod was produced 
in accordance with the present invention, except polymer beads (as described above) 
were not included. An invasion assay was prepared as Dorsal Root Ganglia (DRG) 
30 was explanted from a day 12 chick embryo and placed on one flat end of the rod and 
incubated for two days for the case of a magnetically oriented rod, prepared in a 4.7 
Tesla magnetic field (FIG. 13a). In FIGs. 13a and 13b, as seen along the 
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longitudinal axes ofthebiopolymer (collagen gel) rods 162a. I62b the neurites from 
the DRG 1 64a, 1 64b have advanced from their respective neurite origins 1 66a, 1 66b. 
The leading edge of the DRG neurite front 1 68a in the aligned biopolymer rod 1 62a 
(having fibrils aligned in the direction of the arrow 1 63) has advanced fiirther than 
5 the leading edge 168b of the DRG neurite front in the isotropic rod 162b (having 
non-aligned fibrils). 

To confirm that the neurite advancement was due to magnetically 
aligned (oriented) collagen, the rods were analyzed in polarized light. As shown in 
FIG. 14a, the rod prepared in the 4.7 Tesla magnetic field exhibited strong 
10 birefringence (47 x 10\ indicative of highly aligned collagen fibrils, whereas little 
or no birefringence was measured for the non-aligned fibril control (isotropic) rod, 
as shown in FIG. 14b. 

While the invention has been described in connection with several 
embodiments, it will be understood that the invention is not limited to these 
1 5 embodiments. The invention is intended to cover all alternatives, modifications and 
equivalents as may be included within the spirit and scope thereof, as defined by the 

appended claims. 
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What is claimed is: 

1 . A method of forming a tissue-equivalent rod comprising: 

providing a mold extending in the longitudinal and transverse directions, the 
mold including a cavity, the mold including an axis extending in the longitudinal 
direction; 

filling the cavity of the mold with a solution comprising collagen and 
mammalian tissues cells; and 

placing the filled mold into a magnetic field, such that the longitudinal axis 
of the mold is substantially perpendicular to the direction of the magnetic field, 
whereby the fibrils forming in the collagen align in the longitudinal direction. 

2. The method of claim 1 , wherein the mold is cylindrical in shape. 

3. The method of claim 1 , wherein the collagen is monomeric Type I collagen. 

4. The method of claim 1 , wherein the filling step involves injecting the 
solution of collagen and cells. 

5. The method of claim 1, wherein the mammalian tissue cells are Schwann 
cells. 

6. The method of claim 1 , wherein the magnetic field is a static magnetic field. 

7. The method of claim 1 , wherein the mold includes a biodegradable or 
bioresorbable polymer cylinder. 

8. The method of claim 1 , additionally comprising: 
removing the filled mold from the magnetic field; and 
removing the mold from the formed tissue-equivalent rod. 

9. A tissue-equivalent rod, the rod including a cylindrical t>ody including a 
longitudinal axis, the body comprising collagen and mammalian tissue cells 
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interspersed within the collagen, the collagen including fibrils, the fibrils aligned in a 
direction substantially along the longitudinal axis within the body. 

10. The tissue-equivalent rod of claim 9. wherein the collagen is monomeric 
Type I collagen. 

11. The tissue-equivalent rod of claim 9, wherein the mammalian Ussue cells 
include Schwann cells. 

12. The tissue-equivalent rod of claim 9, additionally comprising an outer casing 
including a biodegradable or bioresorbable polymer cylinder. 

1 3. A method for promoting nerve regeneration comprising: 
providing a tissue-equivalent rod having longitudinal and traverse 

dimensions and first and second ends, the rod being cylindrical and of a 
predetermined circumference, the rod having a body comprising collagen and 
mammalian tissue cells interspersed within the collagen, the collagen including 
fibrils, the fibrils aligning and extending substantially in the longitudinal dimension; 

positioning said tissue-equivalent rod intermediate a first nerve ending and a 
second nerve ending; said first and second nerve ending formed by the severance of 
a nerve; and 

attaching said first end of said tissue-equivalent tube to said first nerve 
ending and said second end of said tissue-equivalent tube to said second nerve 
ending. 

1 4. The method of claim 1 3, wherein said tissue-equivalent rod additionally 
comprises an outer casing including a biodegradable or bioresorbable polymer 
cylinder. 

1 5. A method of forming a biopolymer rod comprising: 
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providing a mold extending in the longitudinal and transverse directions, the 
mold including a cavity, the mold including an axis extending in the longitudinal 
direction; 

filing the cavity of the mold with a solution comprising collagen and 
polymer beads; and 

placing the filled mold into a magnetic field, such that the longitudinal axis 
of the mold is substantially perpendicular to the direction of the magnetic field, 
whereby the fibrils forming in the collagen align in the longitudinal direction. 

1 6. The method of claim 1 5, wherein the mold is cylindrical in shape. 

17. The method of claim 1 5, wherein the collagen is monomeric Type I collagen. 

18. The method of claim 15, wherein the filling step involves injecting the 
solution of collagen and polymer beads. 

19. The method of claim 18, wherein said polymer beads include at least one 
neurotrophic factor. 

20. The method of claim 19, wherein said at least one neurotrophic factor is 
releasably encapsulated within said polymer beads, such that said at least one 
neurotrophic factor is released from said polymer beads into said biopolymer rod. 

21. The method of claim 1 5, wherein the magnetic field is a static magnetic field. 

22. The method of claim 1 5, wherein the mold includes a biodegradable or 
bioresorbable polymer cylinder. 

23. The method of claim 1 5, additionally comprising: 
removing the filled mold from the magnetic field; and 
removing the mold fi-om the fomied biopolymer rod. 
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24. A biopolymer rod, the rod including a cylindrical body including a 
longitudinal axis, the body comprising collagen and polymer beads interspersed 
within the collagen, the collagen including fibrils, the fibrils aligned in a direcuon 
substantially parallel to the longitudinal axis. 

25. The biopolymer rod of claim 24, wherein the collagen is monomeric Type I 
collagen. 



26. The biopolymer rod of claim 24, additionally comprising an outer casing 
including a biodegradable or bioresorbable polymer cylinder. 

27. biopolymer rod of claim 24, wherein said polymer beads include at least one 
neurotrophic factor. 

28. The biopolymer rod of claim 27, wherein said at least one neurotrophic factor 
is releasably encapsulated within said polymer beads, such that said at least one 
neurotrophic factor is released from said polymer beads into said biopolymer rod. 

29. A method for providing nerve regeneration comprising: 

providing a biopolymer rod having longitudinal and traverse dimensions and 
first and second ends, the rod including a body comprising collagen and polymer 
beads interspersed within the collagen, the collagen including fibrils, the fibrils 
being aligned and extending substantially in the longitudinal dimension; 

positioning said biopolymer rod intermediate a first nerve ending and a 
second nerve ending, said first and second nerve endings formed by the severance of 
a nerve; and 

attaching said first end of said biopolymer rod tube to said first nerve ending 
and said second end of said biopolymer rod to said second nerve ending. 

30. The method of claim 29, wherein said biopolymer rod additionally comprises 
outer casing including a biodegradable or bioresorbable polymer cylinder. 



an 
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3 1 . The method of claim 29, wherein said polymer beads include at least one 
neurotrophic fector. 

32. The method of claim 3 1 , wherein said at least one neurotrophic factor is 
releasably encapsulated within said polymer beads, such that said at least one 
neurotrophic factor is released from said polymer beads into said biopolymer rod. 
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L received by the International Bureau on 17 February 1998 (17.02.98)]; 
original claims 1,2,7,9 and 27 amended; remaining 
claims unchanged (3 pages)] 
1 . A method of fonning a tissue-equivalent rod comprising: 

providing a rod-shaped mold extending in the longitudinal and transverse 
directions, the mold including a cavity, the mold including an axis extending in the 
longitudinal direction; 

filling the cavity of the mold with a solution comprising collagen and 
mammalian tissues cells; and 

placing the filled mold into a magnetic field, such that the longitudinal axis 
of the mold is substantially perpendicular to the direction of the magnetic field, 
whereby the fibrils forming in the collagen align in the longitudinal direction. 

2. The method of claim I , wherein the rod-shaped mold is cylindrical. 

3. The method of claim I , wherein the collagen is monomeric Type I collagen. 

4. The method of claim 1 , wherein the filling step involves injecting the 
solution of collagen and cells. 

5. The method of claim 1 , wherein the mammalian tissue cells are Schwann 
cells. 

6. The method of claim 1 , wherein the magnetic field is a static magnetic field. 

7. The method of claim 1 , wherein the rod-shaped mold includes a 
biodegradable or bioresorbable polymer outer casing. 

8. The method of claim 1 , additionally comprising: 

. removing the filled mold from the magnetic field; and 
removing the mold from the formed tissue-equivalent rod. 

9. A tissue-equivalent rod, the rod including a cylindrical body including a 
longitudinal axis, the body extending along the longitudinal axis and comprising 

AMENDED SHEET (ARTICLE 19) 
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collagen and mammalian tissue cells interspersed within the collagen, the collagen 
including fibrils, the fibrils aligned in a direction substantially parallel to the 
longitudinal axis within the body. 

10. The tissue-equivalent rod of claim 9, wherein the collagen is monomeric 
Type I collagen. 

1 1 . The tissue-equivalen t rod of claim 9, wherein the mammalian tissue cells 
include Schwann cells. 

12. The tissue-equivalent rod of claim 9, additionally comprising an outer casing 
including a biodegradable or bioresorbable polymer cylinder. 

13. A method for promoting nerve regeneration comprising: 
providing a tissue-equivalent rod having longitudinal and traverse 

dimensions and first and second ends, the rod being cylindrical and of a 
predetermined circumference, the rod having a body comprising collagen and 
mammalian tissue cells interspersed within the collagen, the collagen including 
fibrils, the fibrils aligning and extending substantially in the longitudinal dimension; 

positioning said tissue-equivalent rod intermediate a first nerve ending and a 
second nerve ending; said first and second nerve ending formed by the severance of 
a nerve; and 

attaching said first end of said tissue-equivalent tube to said first nerve 
ending and said second end of said tissue-equivalent tube to said second nerve 
ending. 

14. The method of claim 13, wherein said tissue-equivalent rod additionally 
comprises an outer casing including a biodegradable or bioresorbable polymer 
cylinder. 

15. A method of forming a biopolymer rod comprising: 
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24. A biopolymer rod, the rod including a cylindrical body including a 
longitudinal axis, the body comprising collagen and polymer beads interspersed 
within the collagen, the collagen including fibrils, the fibrils aligned in a direction 
substantially parallel to the longitudinal axis. 

25. The biopolymer rod of claim 24, wherein the collagen is monomeric Type I 
collagen. 

26. The biopolymer rod of claim 24, additionally comprising an outer casing 
including a biodegradable or bioresorbable polymer cylinder. 

27. The biopolymer rod of claim 24, wherein said polymer beads include at least 
one neurotrophic factor. 

28. The biopolymer rod of claim 27, wherein said at least one neurotrophic factor 
is releasably encapsulated within said polymer beads, such that said at least one 
neurotrophic factor is released from said polymer beads into said biopolymer rod. 

29. A method for providing nerve regeneration comprising: 

providing a biopolymer rod having longitudinal and traverse dimensions and 
first and second ends, the rod including a body comprising collagen and polymer 
beads interspersed within the collagen, the collagen including fibrils, the fibrils 
being aligned and extending substantially in the longitudinal dimension; 

positioning said biopolymer rod intennediate a first nerve ending and a 
second nerve ending, said first and second nerve endings formed by the severance of 
a nerve; and 

attaching said first end of said biopolymer rod lube to said first nerve ending 
and said second end of said biopolymer rod to said second nerve ending. 

30. The method of claim 29, wherein said biopolymer rod additionally comprises 
an outer casing including a biodegradable or bioresorbable polymer cylinder. 
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MAGNETICALLY ORFENTED TISSUE-EQUIVALENT AND BIOPOLYNfER RODS 

FIELD OF THE INVENTION 

5 

This invention relates to oriented tissue-equivalent and biopolymer 
tubes and in particular bioartificial arteries made of Type I collagen formed into 
tubes having collagen fibrils circumferentially oriented by a magnetic field. The 
present invention additionally relates to tissue regeneration structures, and in 
1 0 particular tissue-equivalent and biopolymer rods for nerve regeneration. 

BACKGROUND OF THE INVENTION 

The demand for artificial blood vessels, and in particular, artificial 
arteries is great. This is due to the fact that over 600,000 surgical procedures 

1 5 involving large and small blood vessels are conducted annually. 

Arteries are complex structures, as the cellular and extracellular 
components of the artery wall are not uniformly distributed. Rather, these cellular 
and exu^acellular components are organized into discrete layers. These discrete 
layers have a trilaminant structure of an intima, a media and an adventitia. 

20 The mechanical properties of the artery wall are largely due to 

components of the vessel media layer. Elastin is the most extensible component of 
the vessel media, whereas collagen is relatively stiff. The presence of smooth 
muscle cells is important for two reasons. First, the smooth muscle cells synthesize 
the elastin and collagen present in the vessel media and second, they are capable of 

25 contraction and relaxation in response to various external stimuli including 

vasoactive substances in the blood and sympathetic and parasympathetic nerve 
impulses. These smooth muscle cells are thus an important source of structural 
protein that contribute directly to the strength and elasticity of the vessel wall and 
represent a component of variable elasticity participating in the regulation of vessel 

30 tone. 

The elastin and collagen components confer a non-linear stress-strain 
relationship, in which the elastic modulus of the vessel wall increases (the vessel 
becomes stifFer) as the vessel is distended. The importance of organization to 
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mechanical function in the arterial wall is clearly seen when arteries are compared to 
veins of similar size. In arteries, the circumferentially or (helically) oriented smooth 
muscle cells and associated elastin and collagen of the media, provide the 
mechanical strength necessary to withstand the higher pressures that exist in the 
5 arterial circulation. In contrast, tiie media layer of a vein of similar size is reduced in 
thickness, contains fewer smooth muscle cells, less elastin, and lastiy little 
circumferential orientation of smooth muscle collagen and elastin seen as in the 
arteries. 

Several attempts have been made at creating a completely bioartificial 

1 0 artery. Weinberg and Bell, "A Blood Vessel Model Construction from Collagen and 
Culttired Vascular Cells" in Scienpg , Vol. 231 (1986), pp. 397-400, reported 
production of an artery involving smooth muscle cells and fibroblasts in layers of 
reconstimted Type I collagen that approximate tiie laminate sttucture, but not the 
circumferential orientation of natural arteries. These vessel analogs lacked the 

1 5 mechanical strength necessary to v^thstand the stress associated with pulsatile blood 
flow in vivo. To increase the strength, proponents of the Weinberg and Bell 
approach were forced to reinforce these arteries with synthetic polymer sheaths, such 
as Dacron®. These bioartificial arteries exhibit a severe drawback in that 
biocompatability problems can ultimately lead to graft failure as reported by Langer 

20 and Vacanti, "Tissue Engineering" in Science . Vol. 260 (1993), pp. 920-926. 
Kanada et al., "Mechanical Stress Induced Cellular Orientation and Phenotypic 
Modulation of 3-D Cultured Smootii Muscle Cells" in ASAIO JoumaL ( 1 993), pp. 
M686-M690, reported a biohybrid vessel which includes polyurethane in order to 
obtain the appropriate mechanical properties. 

25 The orientation of fibrils and cells in collagen has been studied. For 

example, Torbet and Ronziere, "Magnetic Alignment of Collagen During Self- 
Assembly" in Bipchem, J., Vol. 219 (1984), pp. 1057-1059, reported collagen fibril 
orientation in the presence of a magnetic field. Additionally, Guido and Tranquillo, 
"A Methodology for the Systematic and Quantitative Study of Cell Contact 

30 Guidance in Oriented Collagen Gels" in Journal of Cell Sdence ^ Vol. 1 05 ( 1 993), 
pp. 3 1 7-33 1 , reported that cells orient in the same direction as the oriented collagen 
fibrils, under the phenomenon known as "cell contact guidance". 
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Despite the study of fibril and cell orientation, there remains the need 
to provide a tissue-equivalent tube that has mechanical properties that enable it to 
better withstand distention, typically associated with pulsatile blood flow in arteries, 
without reinforcing synthetic materials. 

5 Additionally, regeneration of severed peripheral nerves commonly 

results in permanent damage and disability because mature neurons do not normally 
replicate. Once severed, the severed ends of the neurons usually grow in a 
misdirected manner, such that they do not reestablish the original connection. 
Numerous attempts have been made to reestablish the connections, including the 

10 placement of a tube filled with a matrix for bridging the nerve endings. For 

Example, Rosen, "Artificial Nerve Graft Using Collagen as an Extracelluar Matrix 
for Nerve Repair Compared with Suture Autograft in a Rat Model", in Annals of 
P lagtig Sur gery, 25:375-387 (1990) reported slightly inferior nerve regeneration 
using tubes filled with collagen gel as compared to nerve autografts, whereas 

1 5 Valentini, et al., "Collagen and Laminin Containing Gels Impede Peripheral Nerve 
Regeneration through Semipermeable Nerve Guidance Channels", in Experimental 
Neurology . 98:350-356 (1987) reported greatly inferior nerve regeneration as 
compared to saline-filled tubes. 



20 SUMMARY OF THE INVENTION 

The present invention comprises a tissue-equivalent tube that has a 
cylindrical body made of a reconstituted collagen network with smooth muscle cells 
interspersed therein. The collagen network is comprised of fibrils that orient 
circumferentially within the tubular body. The cells are induced by the oriented 
25 fibrils to also orient circumferentially. The circumferential orientation of fibrils and 
cells is characteristic of a native artery and results in improved mechanical 
properties. 

The tissue-equivalent tube is formed by a tubular mold having a 
central rod and a concentric outer member, aligned to provide a cavity between the 
30 central rod and the outer member. The mold includes a longitudinal axis, extending 
the length of the mold. The cavity is then filled with a solution of collagen and 
mammalian tissue cells. In one embodiment, the filled tubular mold is then placed 
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into a high strength magnetic field such that the longitudinal axis of the tubular mold 
is substantially parallel to the direction of the magnetic field. The magnetic field 
orients the forming collagen fibrils normal to the direction of the magnetic field, 
such that the collagen fibrils are oriented circumferentially with respect to the tube. 
5 The invention additionally comprises tissue-equivalent and 

biopolymer rods, along with methods for their manufacture and use. In particular, 
these tissue-equivalent and biopolymer rods include axially (longitudinally) aligned 
collagen fibrils that provide a guidance field to exploit the contact response in 
growth cones at the tips of severed nerve endings (neurite tips) to effectively direct 
10 nerve cell growth across the_gap between severed nerve endings, regenerating 
mature nerves. 

The tissue-equivalent rods are formed by using a cylindrical (rod- 
shaped) mold with a cavity therein, including a longitudinal axis extending the 
length of the mold and a transverse axis extending the width of the mold. The cavity 

15 is then filled with a solution of collagen and mammalian tissue cells, preferably 

Schwann Cells. In one embodiment, the filled cylindrical mold is then placed into a 
high strength magnetic field such that the longitudinal axis of the tubular mold is 
substantially perpendicular to the direction of the magnetic field. The magnetic field 
aligns (orients) the forming collagen fibrils normal (perpendicular) to the direction 

20 of the magnetic field, such that the collagen fibrils are aligned (oriented) 
substantially parallel to the direction of the longitudinal axis. 

The biopolymer rods are formed by using a cylindrical mold with a 
cavity therein, including a longitudinal axis extending the length of the mold and a 
Uansverse axis extending the width of the mold. The cavity is then filled with a 

25 solution of collagen and polymer beads, that include encapsulated neurotrophic 
factors. In one embodiment, the filled cylindrical mold is then placed mto a high 
strength magnetic field such.that the longitudinal axis of the cylindrical mold is 
substantially perpendicular to the direction of the magnetic field. The magnetic field 
aligns (orients) the forming collagen fibrils normal (perpendicular) to the direction 

30 of the magnetic field, such that the collagen fibrils are aligned (oriented) 
substantially parallel to the direction of the longitudinal axis. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will be described with reference to the 
accompanying drawings, wherein like reference numerals identify like components. 
In the drawings: 

5 FIG. 1 is a side view of the tubular mold of the present invention; 

FIG. 2 is an illustration of a control tissue-equivalent tube; 
FIG. 3 is an illustration of a circumferentially oriented tissue- 
equivalent tube of the present invention; 

FIG. 4 is an illustration of an axially oriented biopolymer tube of the 
1 0 present invention; 

FIG. 5 is a micrograph of the control tissue-equivalent tube; 

FIG. 6 is a micrograph of the circumferentially oriented tissue- 
equivalent tube of the present invention; 

FIG. 7 is a chart of a creep test in the circumferential direction on the 
1 5 control tissue-equivalent tube and the circumferentially oriented tissue-equivalent 
tube of the present invention. 

FIG. 8 is a perspective view of a cylindrical mold of the invention; 

FIG. 9 is a perspective view of the cylindrical mold of the invention 
having been filled with a collagen solution that is fonming collagen fibrils in the 
20 presence of a magnetic field (B); 

FIG. 10 is a perspective view of an axially aligned biopolymer or 
tissue-equivalent (collagen gel) rod of the present invention; 

FIG. 1 1 a is a perspective view of a severed nerve; 

FIG. 1 lb is a perspective view of the axially aligned biopolymer or 
25 tissue-equivalent (collagen gel) rod of the present invention being applied to the 
severed nerve of FIG. 1 la; 

FIG. 12a is a micrograph of a dorsal root ganglia (DRG) cultured in 
an aligned biopolymer (collagen gel) rod; 

FIG. 12b is a micrograph of a dorsal root ganglia cultured in an 
30 isotropic biopolymer (collagen gel) rod; 
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FIG. 13a is a perspective view of a dorsal root ganglia having been 
placed onto one end of an aligned biopolymer (collagen gel) rod of the present 
invention; 

FIG. 13b is a perspective view of a dorsal root ganglia having been 
5 placed onto one end of a non-aligned (isotropic) biopolymer (collagen gel) rod; 

FIG. 14a is a birefringence diagram of light intensity (mean gray 
level) versus rotation (degrees) for the longitudinally aligned (oriented) biopolymer 
(collagen gel) rod of FIG. 13a of the present invention; and 

FIG. 14b is a birefringence diagram of light intensity (mean gray 
10 level) versus rotation (degrees) for the isotropic biopolymer (collagen gel) rod of 
FIG. 13b. 



DETAILED DESCRIPTION OF THE INVENTION 

As used in the present invention, "tissue-equivalent tubes" or "tissue- 

15 equivalent rods" refer to tubes or rods formed of collagen or fibrin and mammalian 
tissue cells. "Biopolymer tubes" or "biopolymer rods" refer to tubes or rods formed 
of collagen or fibrin, without the mammalian tissue cells. The term "oriented", 
refers to the fibrils of the collagen or fibrin, which form the tissue-equivalent or 
biopolymer tubes, or rods, respectively, being substantially aligned in a specific 

20 direction, e.g., axially (along the longitudinal axis of the tube or rod). 

The oriented tissue-equivalent tubes of the invention are formed of a 
solution comprising collagen and mammalian tissue cells, placed into a tubular 
mold, and subjected to a magnetic field, causing the forming collagen fibrils to 
become oriented in a direction substantially normal to the direction of the magnetic 

25 field. Accordingly, a filled tubular mold placed into the magnetic field, such that its 
longitudinal axis is parallel to the magnetic field, will have circumferentially 
oriented fibers, while a filled tubular mold, placed into the magnetic field such that 
its longitudinal axis is substantially perpendicular to the direction of the magnetic 
field, will have axially oriented fibrils. 

30 Additionally, biopolymer tubes can be made of pure collagen. Unlike 

the tissue-equivalent tubes, these biopolymer tubes lack mammalian tissue cells. 
However, similar to the tissue-equivalent tubes made of the collagen solution 
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(collagen and mammalian tissue cells), the collagen fibrils orient in the desired 
direction based upon the positioning of the filled tubular mold with respect to the 
direction of the magnetic field. 

Moreover, tissue-equivalent tubes and biopolymer tubes could be 
5 made by the method of the present invention by another tissue matrix material such 
as fibrin. A fibrin-forming solution, prepared in accordance with conventional 
methods known in the art, would be placed in a tubular mold and subjected to a 
magnetic field. As reported by Torbet, "Fibrin Assembly in Human Plasma and 
Fibrinogen/Albumin Mixtures" in Biochemistrv . Vol. 25 (1986), pp. 5309-5314, 

10 which is incorporated by reference herein, fibrin fibrils, when subjected to a 
magnetic field, orient in a direction substantially parallel to the direction of the 
magnetic field. This behavior in the presence of a magnetic field is opposite that of 
collagen fibrils. Accordingly, a tubular mold formed with fibrin-forming solution, 
and placed into the magnetic field such that its longitudinal axis is parallel to the 

1 5 magnetic field will have axially oriented fibers, while a filled tubular mold placed 
into the magnetic field such that its longitudinal axis is substantially perpendicular to 
the direction of the magnetic field will have circumferentially oriented fibrils. 

The collagen referred to above is any monomeric collagen, that self- 
assembles into fibrils, such as Type I collagen or the like, prepared by any 

20 conventional procedures. The mammalian tissue cells referred to above could be 
grown by any conventional cell growth and culturing method. The tubular molds 
referred to above could be any mold having a solid rod concentric with an outer 
member. Both the solid central rod and the outer member are made of materials 
which will not adhere to the gelled solution, in order that a tube with an open central 

25 lumen can be removed. 

The present invention envisions molds of single and multiple piece 
construction. For example, the solid central rod and outer member can be discrete 
members. In such a case, the outer member is preferably a cylindrical tube. 
However, rectangular or hexagonal shaped tubes, or the like may also be used. A 

30 separate solid rod serves as a second component of the mold. This rod can be 
formed as a separate member, attached to a plunger (if a syringe barrel forms the 
outer member) or other portion of the outer member of the mold. The solid rod can 
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also be formed integral with the plunger. Alternately, a single piece construction, 
having a formed outer member, bore, barrel, or the like, with an internally positioned 
axial rod component is permissible. The dimensions and spatial relationships of the 
outer member and central rod can be varied by one skilled in the art, based on the 
5 disclosures herein. Additionally, the tubular mold, or various components thereof, 
can be made of materials such as Teflon® polyethylene, polypropylene, 
polyurethane, other equivalent plastic materials, or other non-porous non-magnetic 
materials. 

Turning now to the drawing figures, which show embodiments of the 

10 present invention, FIG. 1 shows a tubular mold 20 for making the tissue-equivalent 
tubes and biopolymer tubes of the invention. The tubular mold 20 is formed from a 
Teflon® rod 22 and a cylinder 24, preferably formed of a syringe barrel. The 
Teflon® rod 22 is attached to a plunger 26 at the plunger disc 28. The disc 28 
frictionally engages the inner surface 30 of the cylinder 24. 

15 The Teflon® rod 22 is preferably at the center of the cylinder 24. The 

inner surface 30 of the cylinder 24 and the outer surface 32 of the Teflon® rod 22 are 
spaced apart such that there is a tubular cavity 34 in the space therebetween. The 
Teflon® rod 22 is positioned in this manner to provide the resultant tubes 40, 50, 60 
(FIGs. 2-4) with a central lumen 44, 54, 64 (FIGs. 2-4) upon removal from the 

20 tubular mold 20. The tubular mold 20 includes an opening 35 for receiving the 
collagen solution and openings 36 for releasing air displaced by the collagen 
solution. The tubular mold 20 is designed such that a collagen solution injected 
therein can be easily removed as a collagen tube. 

This tubular mold 20 includes a longitudinal axis 38 and a transverse 

25 axis 39. These axes 38, 39 will be used to illustrate the directions of fibril 
orientation. 

FIG. 2 shows a tissue-equivalent tube 40, made from the tubular mold 
20 of FIG. 1, that is used as a control. The tube 40 has a cylindrical body 42 around 
a central lumen 44. The body 42 includes randomly oriented collagen fibrils 45 and 
30 mammalian tissue cells 46. The tube 40 is formed from a solution of collagen and 
mammalian tissue cells injected into the tubular mold 20 (FIG. 1) and removed once 
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the collagen has self-assembled mto fibrils 45 entrapping the mammalian tissue cells 
46. 

The collagen used for this control tube 40 is preferably monomeric 
Type I collagen, or the like, in a cold (approximately 5°C) neutral solution. The 
5 manmialian tissue cells are preferably smooth muscle cells having been grown by 
conventional cell grovrth and culture methods, well known to those skilled in the art 
The mammalian tissue cells are then dispersed into the cold collagen solution in 
accordance with the procedure detailed below in Example 1 . 

The cold solution is then injected into small (pinhole sized) openings 

10 35 in the tubular mold 20. Fibrillogenesis begins as the tubular mold 20 (FIG. I) is 
then transferred to a constant temperature box, for incubation in the temperature 
range of approximately SO'^C to 40°C for approximately two hours, during which 
firbillogenesis is normally completed. These steps, as well as additional steps 
required to complete the fabrication of the control tube 40, are described in detail in 

1 5 Example 1 , below. 

FIG. 3 shows a tissue-equivalent tube 50 of the invention. This tube 
50 has a cylindrical body 52 around a central lumen 54. The body 52 includes 
circumferentially oriented collagen fibrils 55 and mammalian tissue cells 56. The 
tube 50 includes a longitudinal axis 58 and a transverse axis 59 and is formed fi-om a 

20 solution of collagen, including fibrils 55, with mammalian tissue cells 56. The 
collagen fibrils 55 and mammalian tissue cells 56 of this tube 50 are 
circumferentially oriented along the transverse axis 59. This circumferential 
orientation of fibrils 55 and mammalian tissue cells 56 in the tube 50 provides 
enhanced mechanical strength in the transverse direction, to help prevent it fi-om 

25 longitudinal splitting. Additionally, it is believed that the manunalian tissue cells 
56, fiirther mechanically strengthen the circumferentially oriented tube 50 by a 
phenomenon known as "cell traction". This phenomenon of "cell traction" occurs as 
the mammalian tissue cells 56 place the fibrils 55 in tension while elaborating other 
reinforcing extracellular matrix molecules, such as elastin, in the collagen, as they 

30 differentiate in the tissue-equivalent environment. 

The collagen used for the tube 50 of the invention is identical to that 
described above in reference to the control tube 40 of FIG. 1 . The mammalian tissue 
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cells 56 are preferably smooth muscle cells, identical to those described above in 
reference to the control tube 40 of FIG. 1 . 

The solution of collagen and mammalian tissue cells is prepared as 
described for the control tube 40 of FIG. 1, above (as described in detail in Example 

5 1 , below), except that the initiation of fibrillogenesis is substantially simultaneous 
with the filled tubular mold 20 (FIG. 1) being placed into a high strength (4.7 to 9 
Tesla) magnetic field. The magnetic field is preferably a static magnetic field 
generated by a horizontal bore electromagnet, such as a 4.7 Tesla Model, from the 
Oxford Company of the United Kingdom. Specifically, the filled tubular mold 20 

10 (FIG. 1) is placed into the magnetic field at an orientation such that its longitudinal 
axis 38 (FIG. 1) is parallel to the direction of the magnetic field. This incubation, 
where collagen fibril orientation occurs lasts approximately two hours. These steps 
are described in detail in Example 2, below. 

This positioning of the filled tubular mold 20 (FIG. 1) in the magnetic 

1 5 field causes the growing collagen fibrils 56 to orient circumferentially in the 
direction of the transverse axis 39 (FIG. 1). The orientation of the fibrils 55 is 
additionally aided by alteration of the parameters, one parameter being the distance 
between the outer surface of the Teflon® rod 32 (FIG. 1) and the inner surface of the 
outer cylinder 30 (FIG. 1). By having a cavity 34 (FIG. 1) with a short distance 

20 between the surfaces 30, 32, the orienting effect of the magnetic field in the growing 
fibrils in the circumferential direction is maximized as the surfaces of the Teflon® 
rod 22 and the cylinder 24 (FIG. 1) assist in the alignment. 

In the present invention, the smooth muscle cells are induced to 
exhibit circumferential orientation (induced by the circumferentially oriented fibrils 

25 described above), similar to that of the smooth muscle cells in the medial layer of an 
artery. According to the method described herein, this smooth muscle cell 
orientation contributes to the mechanical properties of the circumferentially oriented 
tube 50. 

The circumferentially oriented tissue-equivalent tubes of the 
30 invention are usefiil as artificial blood vessels, and in particular arteries, as they are 
reinforced in a circumferential direction, providing additional strength to withstand 
the distension associated with pulsatile blood flow. However, these oriented tissue- 
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equivalent tubes, along with tissue-equivalent tubes having fibrils aligned along the 
longitudinal axis 58 of the tube, known as "axially oriented" (produced by the 
method detailed in Example 2, below, except that the fibril orienting step is such that 
the filled mold is placed such that its longitudinal axis is substantially perpendicular 
5 to the direction of the magnetic field, during fibrillogenesis), may find use as 
bioartifical ureters, urethras, tracheas, an esophagus, intestines, and other tubular 
organs. Sheets of this material could also be produced using sheet molds instead of 
the tubular molds described above, in order to produce planar structures such as skin 
or bladders. 

1 0 Alternately, the cold collagen solution may be kept pure (i.e., without 

cells) and formed into oriented biopolymer tubes in accordance with the procedures 
detailed below in Examples 1 and 2. If an axially oriented biopolymer tube formed 
fi*om this pure cold collagen solution were desired, the orientation step (detailed in 
Example 2, below), would be such that the filled tubular mold would be placed into 

1 5 the magnetic field such that its longitudinal axis is substantially perpendicular to the 
direction of the magnetic field. With respect to these tubes, they would be weaker 
than those with the smooth muscle cells, for the smooth muscles cells enhance the 
mechanical properties of the tubes. 

FIG. 4 shows a biopolymer tube 60 of the invention. This tube 60 

20 has a cylindrical body 62 aroimd a central lumen 64. The body 62 includes fibrin 
fibrils 65 oriented along the longitudinal axis 68, known as "axially oriented". The 
tube 60 also has a transverse axis 69. The tube 60 is formed fi-om a fibrin-forming 
solution including fibrinogen and thrombin, prepared in accordance with that 
described in Torbet, "Fibrin Assembly in Human Plasma and Fibrinogen/Albumin 

25 Mixtures" in Biochemistry , Vol. 25 (1986), pp. 5309-5314. This fibrin-forming 
solution is then made into an axially oriented biopolymer tube in accordance with 
Examples 1 and 2 below. However, should a tissue-equivalent tube with 
circumferentially oriented fibrin fibrils (oriented along the transverse axis 69) be 
desired, the orientation step would be opposite that disclosed in Example 2 below, as 

30 the filled tubular mold 20 (FIG. 1) would be placed into the magnetic field such that 
its longitudinal axis 68 is perpendicular to the direction of the magnetic field. 
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These axially oriented fibrin tubes, as well as axially oriented 
collagen biopolymer tubes (discussed above) are particularly useful as nerve 
regeneration conduits. This is due to the fact that the axially oriented fibrils 65 can 
serve to guide the invwd growth and movement of host neurons 70 at opposite ends 
5 of the tube 60, such that the neurons at each end ultimately grow together. 

Rejoining of the severed nerve would occur in less time as compared to a randomly 
oriented biopolymer tube. 

Turning now to FIGs. 5 and 6, there are shown micrographs of a 
control tissue-equivalent tube (FIG. 5) and a circumferentially oriented tissue- 

10 equivalent tube (FIG. 6), produced in accordance with the invention, as detailed in 
Examples 1 and 2 below. In FIGs. 5 and 6, the horizontal dimension is coincident 
with the longitudinal direction of the tube and the vertical dimension is coincident 
with the circumferential (transverse) direction of the tube. In FIG. 5, the cells appear 
randomly oriented in this control tube, while in FIG. 6, the cells appear 

15 circumferentially oriented. 

Turning now to FIGs. 8 and 9, there is shown a cylindrical mold 120 
for making the tissue-equivalent and biopolymer rods 130 (FIG. 10) of the present 
invention. These tissue-equivalent and biopolymer rods 130 are manufactured 
similarly, with the differences in the manufacturing steps noted below. 

20 The cylindrical mold 120 for making these tissue-equivalent and 

biopolymer rods 130 is preferably formed of a TEFLON® cylinder 122 (preferably 
approximately 15 mm in length) having a cavity (lumen) 123, preferably of a 
diameter corresponding to that of a peripheral nerve (approximately 0.5-2mm). The 
ends of the cylinder 122 receive plugs 124, 125. Alternately, biodegradable or 

25 bioresorbable polymer cylinders may be used as the cylindrical mold 120. 

A first plug 124 is initially pushed into the cylinder 122 for the mold 
to receive collagen solution (made in accordance with the solutions described 
herein), preferably by injection from a syringe 126. Once the cavity (lumen) 123 is 
filled, the second plug 125 is fitted into die cylinder 122 The cylindrical mold 120 is 

30 designed such that the collagen solution injected therein can be easily removed as a 
collagen gel rod. Alternately, if the biodegradable or bioresorbable cylinder is used 
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as the cylindrical mold, the collagen gel rod is not removed from the biodegradable 
or bioresorbable cylinder. 

This cylindrical mold 120 includes a longitudinal axis 128 and a 
transverse axis 129. These axes 128, 129 will be used to illustrate the directions of 
5 fibril alignment (orientation) in the resultant tissue-equivalent and biopolymer rods. 

The collagen used for these tissue-equivalent or biopolymer rods is 
preferably monomeric Type I collagen, or the like, in a cold (approximately 5°C) 
neutral solution, prepared in accordance with Example 1 below. If a tissue- 
equivalent rod is desired, the solution includes mammalian tissue cells, that are 

10 preferably Schwann Cells and/or fiboblasts/endothelial cells, having been grown by 
conventional cell growth and culture methods, well known to those skilled in the art. 
The mammalian tissue cells are then dispersed into the cold collagen solution in 
accordance with the procedure detailed below in Example 1, except that the smooth 
muscle cells (mammalian tissue cells of Example 1) are substituted with Schwarm 

15 Cells and/or fiboblasts/endothelial cells. 

Alternately, if a biopolymer rod is desired, in a preferred step, small 
(approximately 10-15 micrometer diameter) biodegradable/bioresorbable polymer 
beads with encapsulated neurotrophic factors (such as nerve growth factor) are 
added to the cold collagen neutral solution. These biodegradable/bioresorbable 

20 polymer beads would be added to the collagen solution similar to the mammalian 
tissue cells, in accordance with Example 1 below. The polymer beads would 
function similar to the Schwann cells, of the tissue-equivalent rods, by releasing the 
encapsulated neurotropic factor(s) that serve as an additional stimulus for neural 
growth (e.g., neurite elongaUon). 

25 The cold solution is then injected from the syringe 126 into the cavity 

123 of the cylindrical mold 120. Injection of the solution is preferably done slowly 
to avoid formation of air bubbles or air pockets. In accordance with Example 2, as 
detailed below, fibrillogenesis begins as the filled cylindrical mold 120 (FIG. 9) is 
then transferred to a constant temperature box, for incubation in the temperature 

30 range of approximately 30°C to 40°C, and is placed in a high strength (preferably at 
least 4 Tesla) magnetic field, as described above and in Examples 1 and 2 below, 
with the longitudinal axis 128 oriented substantially perpendicular to the direction of 
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the magnetic field (B) (indicated by arrows 132), for approximately two hours. 
Additional detail for performing these steps is provided in Examples 1 and 2 below, 
except that the tissue-equivalent and biopolymer rods of the invention are subject to 
fibrillogenesis (collagen fibril self assembly) in the presence of a magnetic field. 
5 Upon removal from the magnetic field, the now-formed tissue- 

equivalent and biopolymer rods are removed from the TEFLON® cylindrical molds, 
by allowing the rods to slide out of the molds. If the molds are formed of 
biodegradable or bioresorbable polymer cylinders, these cylinders are preferably not 
removed, and remain as part of the rod for subsequent use. The resultant rods may 
1 0 be subject to further processing by steps similar to those described in Example 2 
below. 

FIG. 10 shows a tissue-equivalent or biopolymer rod 130, made from 
the cylindrical mold 120. (The mammalian tissue cells of the tissue-equivalent rod 
and the polymer beads of the biopolymer rod are too small to be observed in this 

1 5 drawing figure.) The tissue-equivalent or biopolymer rod 1 30 preferably includes a 
cylindrical body 134 with longitudinally aligned (oriented) collagen fibrils 135, in 
the direction of the longitudinal axis 128. (In this drawing figure, the cylindrical 
mold 120, if a TEFLON® cylinder, has been removed.) 

As stated above, one use of the tissue-equivalent rods and biopolymer 

20 rods 130 of the invention is for peripheral nerve regeneration. As shown in FIGs. 
1 la and 1 lb, there is a severed nerve 140 having a gap 142 between its severed ends 
144, 145. The tissue-equivalent or biopolymer rod 130 is placed in the gap 142, and 
connected to each of the severed nerve ends 144, 145, for example, by sutures 146, 
147. The tissue-equivalent or biopolymer rod 130 comprised of longitudinally 

25 aligned (oriented) collagen fibrils serves to guide neural growth across the gap 

between the severed nerve endings, thereby promoting regeneration of the original 
neural connection. This process has been simulated with a Dorsal Root Ganglia 
(DRG) from a chick embryo, and is detailed below in Examples 4-6. 

Tissue-equivalent rods and biopolymer rods of fibrin may also be 

30 made in accordance with the invention. These tissue-equivalent and biopolymer 
rods have a cylindrical body, that includes fibrin fibrils oriented along the 
longitudinal axis (the longitudinal axis defined in accordance with FIGs. 8-10 
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above), known as "axially oriented". The rods is formed from a fibrin-forming 
solution including fibrinogen and thrombin, prepared in accordance with that 
described in Torbet, "Fibrin Assembly in Human Plasma and Fibrinogen/Albumin 
Mixtures" in Biochemistry . Vol. 25 (1986), pp. 5309-5314. In the case of tissue- 
5 equivalent fibrin rods, manmialian tissue cells (i.e., Schwann Cells and/or 
fibroblasts/endothelial cells) may be added to the fibrin-forming solution in 
accordance with the preparations discussed above. In the case of biopolymer fibrin 
rods, polymer beads (as discussed above), may be added to the fibrin-forming 
solution in accordance with the preparations discussed above. These fibrin-forming 
10 solutions are then placed into a cylindrical mold (of a TEFLON® cylinder, or a 

bioresorbable or biodegradable material cylinder) and made into an axially oriented 
biopolymer rod (with the resultant fibrils aligned in the direction of the longitudinal 
axis) in accordance with Examples 1 and 2 below (such that the cylindrical molds 
are placed into the magnetic field parallel to the direction of the magnetic field). 

15 

EXAMPLE 1 

The control tube of FIG. 5 is prepared as follows. 20 microliters of 
cold (5X) HEPES Buffer Solution (IM) (No. 4573, The Merk Index . 1 1th ed.) are 
mixed with 50 microliters lOx Gibco Minimum Essential Medium (MEM) (Gibco 
20 BRL, Gaithersburg, Maryland 20877) in a disposable 1 5ml sterile vial. 132 

microliters of room temperature NaOH (O.IN) is then added to the HEPES-MEM 
solution. 

A solution is then prepared as 60 microliters of Fetal Bovine Serum 
(FBS) from Hyclone Laboratories, Inc., Logan, Utah 84321, 1 microliter of 

25 Penicillin-Streptomycin solution (5000 units of Penicillin and 5000 micrograms 
Streptomycin per millimeter in 0.85% saline solution) (Pen-Strep), and 10 
microliters L-Glutamate solution (29.2 milligrams per milliliter) in 0.85% saline 
solution) are obtained from separate stocks, and each is frozen -20^C. The separate 
FBS, Pen-Strep, and L-Glutamate are warmed to room temperature and individually 

30 added to the 1 5ml vial. 
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677 microliters of cold (5°C) Vitrogen® 100 Collagen, available from 
Celtrix Pharmaceuticals, Inc., 3055 Patrick Henry Drive, Santa Clara, California 
95054, are then added and the solution is gently mixed with a pipette. 

A cold (5''C) cell suspension of smooth muscle cells (approximately 
5 4x10^ cells/ml) suspended in 50 microliters Gibco Mediimi 199 (M-199) (Gibco 
BRL, Gatithersburg, Maryland 20877) is prepared. The solution includes rat aortic 
smooth muscle cells prepared in accordance with the method disclosed in Diglio, et 
al., "Rat Cerebral Microvascular Smooth Muscle Cells in Culture" in J. Cell. 
PhysipL, Vol. 129(2) (1986), pp. 131-141, which is incorporated by reference herein. 

10 The cells were maintained in Gibco Dulbecco's Modified Eagle Medium (DMEM) 
(Gibco BRL, Gaithersburg, Maryland 20877) containing 10% Fetal Bovine Serum 
(FBS) and were subcultured twice weekly. Only cells below passage 25 that retain 
the phenotypic traits of expressing smooth muscle cell specific alpha-actin and 
myosin, and not the Factor Vlll-related antigen were used here. This cold cell 

1 5 suspension is now added to the 1 5ml vial. 

The contents of the 15ml vial are gently mixed with a pipette. The 
solution is kept on ice all the while. The cell and collagen solution is syringed out 
using standard sterile 3 milliliter syringes and is injected into a sterile mold. The 
mold was previously sterilized by soaking in 70% ethanol and followed by repeated 

20 rinsing with sterile water. The opening on the mold to inject the solution is covered 
with Parafilm® (American National Can Company, Chicago, Illinois) and the mold 
is placed on ice. The mold has an outer diameter of 1.2 centimeters and an inner 
diameter (for the central solid rod) of 0.635 centimeters, and a length of 1 .2 
centimeters. The process is repeated until the desired amount of molds are full. The 

25 molds are then placed in an incubator at 32°C for two hours (the fibril logenesis 
period). 



The tubes of FIG. 6 were initially prepared in accordance with 
30 Example 1 above, except that the mold(s) once fiiU are not placed in an incubator at 
32°C for the two hour fibrillogenesis period. Rather, the air and water tight molds 
are taken to a 4.7 Tesla magnet (Oxford Company, United Kingdom) on ice, and 
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once there they are removed from the ice bath and placed in 1.25 inch thick 
styrofoam boxes filled with water at 32°C. The molds are submerged in the water. 
The styrofoam box, containing the submerged molds, is then placed in a plastic bag 
and slid into the bore of the magnet, where the collagen solution in the molds is left 

5 to self-assemble for 2 hours (the fibrillogenesis period). In order to minimize 
gravity-induced cell settling during fibrillogenesis, the molds are briefly removed 
from the magnet and carefully rotated 180^ and returned to the magnet. This 
procedure is done at 1 0 minute intervals. 

When the two hours are up, the molds are removed from the magnet. 

10 Immediately, in a sterile hood, the molds are opened and the tissue-equivalent tubes 
are removed and placed in sterile 30 milliliter glass vials filled with 20 milliliters of 
M-199 cell culture medium supplemented with 5% (by volume) L-Glutamine, 5% 
(by volume) Fungizone® (E. R. Squibb & Sons, Inc., New York, New York) (250 
micrograms amphotericin B and 205 micrograms sodium deoxytcholate/milliliter in 

1 5 sterile/distilled water), 5% (by volume) Penicillin-Streptomycin solution (5000 units 
of Penicillin and 5000 micrograms steptomycin per milliliter in 0.85% saline 
solution), and 10% (by volume) Hyclone Fetal Bovine Serum. Smaller (1/8 inch) 
diameter sterile Teflon® rods are placed in the lumens of the tubes and they are 
subsequently placed in an incubator at 3TC for extended periods of time (as long as 

20 is desired). The M-1 99 cell culture medium with supplements (described above) in 
the 30ml glass vials is replaced at two day intervals. 

EXAMPLE 3 

The control tissue-equivalent tube (FIG. 5) and the circumferentially 
25 oriented tissue-equivalent tube (FIG. 6) were both subsequently cultured in an 
incubator at 37*^0 for 108 hours and then tested on a Liveco Vitrodyne® 200, 
available from Liveco, Inc. of Burlington, Vermont. The testing procedure involved 
first, slowly extending the tubes to a collapsed state and then allowing the tubes time 
to equilibrate before testing. This testing mode simulated distension in an artery. 
30 Creep compliance was measured over time and the results are plotted in FIG. 7. The 
circumferentially oriented tissue-equivalent tube response is line 100 while the 
unoriented (control) tissue-equivalent tube response is line 102. Based on these 
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responses, the circumferentially oriented tube showed less instantaneous creep, as it 
was stiffer (less elastic) than the unoriented (control) tube. The creep rate at longer 
times is also somewhat less for the oriented tube (FIG. 6), indicating that it is also 
more viscous. 

5 

EXAWLE4 

Dorsal Root Ganglia (DRG) was explanted from a day 12 chick 
embryo and cultured (by direct entrapment) into an aligned biopolymer (collagen 
gel) rod, prepared in accordance with the above described methods for producing 

10 biopolymer rods of the present invention, except polymer beads (as described above) 
were not included. As illustrated in the micrograph of FIG. 12a, taken two days 
after the culture, the aligned biopolymer collagen gel rod 150a (having fibrils 
aligned in the direction of the arrow 151) showed neurites 152a that elongated from 
the DRG 1 54a in the same direction as the fibril alignment (orientation). The 

15 neurites were imaged by antibody staining (anti-neurofilament 200 KD). 

EXA M PL E 5 

Dorsal Root Ganglia (DRG) was explanted and cultured by direct 
entrapment from a day 1 2 chick embryo into an isotropic (non-aligned fibril) 
20 biopolymer (collagen gel) rod. The isotropic biopolymer (collagen gel) rod was 

prepared by the method described in Example 1 . As illustrated by the micrograph of 
FIG. 12b, taken two days after the culture, the isotropic biopolymer (collagen gel) 
rod 1 50b showed neurites 1 52b that elongated randomly from the DRG 1 54b. The 
neurites were imaged by antibody staining (anti-neurofilament 200 KD). 

25 

EXAMPLE 6 

A magnetically oriented biopolymer (collagen gel) rod was produced 
in accordance with the present invention, except polymer beads (as described above) 
were not included. An invasion assay was prepared as Dorsal Root Ganglia (DRG) 
30 was explanted from a day 12 chick embryo and placed on one flat end of the rod and 
incubated for two days for the case of a magnetically oriented rod, prepared in a 4,7 
Tesla magnetic field (FIG. 13a). In FIGs. 13a and 13b, as seen along the 
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longitudinal axes of the biopolymer (collagen gel) rods 162a, 162b the neurites from 

the DRG 164a, 164b have advanced from their respective neurite origins 166a, 166b. 

The leading edge of the DRG neurite front 168a in the aligned biopolymer rod 162a 

(having fibrils aligned in the direction of the arrow 163) has advanced further than 
5 the leading edge 1 68b of the DRG neurite front in the isotropic rod 1 62b (having 

non-aligned fibrils). 

To confirm that the neurite advancement was due to magnetically 

aligned (oriented) collagen, the rods were analyzed in polarized light. As shown m 

FIG. 14a, the rod prepared in the 4.7 Tesla magnetic field exhibited strong 
10 birefringence (47 x 1 0*^), indicative of highly aligned collagen fibrils, whereas little 

or no birefringence was measured for the non-aligned fibril control (isotropic) rod, 

as shown in FIG. 14b. 

While the invention has been described in connection with several 

embodiments, it will be understood that the invention is not limited to these 
1 5 embodiments. The invention is intended to cover all alternatives, modifications and 

equivalents as may be included within the spirit and scope thereof, as defined by the 

appended claims. 
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What is claimed is: 

1 . A method of forming a tissue-equivalent rod comprising: 

providing a mold extending in the longitudinal and transverse directions, the 
mold including a cavity, the mold including an axis extending in the longitudinal 
direction; 

filling the cavity of the mold with a solution comprising collagen and 
mammalian tissues cells; and 

placing the filled mold into a magnetic field, such that the longitudinal axis 
of the mold is substantially perpendicular to the direction of the magnetic field, 
whereby the fibrils forming in the collagen align in the longitudinal direction. 

2. The method of claim 1, wherein the mold is cylindrical in shape. 

3. The method of claim 1 , wherein the collagen is monomeric Type I collagen. 

4. The method of claim 1, wherein the filling step involves injecting the 
solution of collagen and cells. 

5. The method of claim 1 , wherein the mammalian tissue cells are Schwaim 
cells. 

6. The method of claim 1 , wherein the magnetic field is a static magnetic field. 

7. The method of claim 1 , wherein the mold includes a biodegradable or 
bioresorbable polymer cylinder. 

8. The method of claim 1 , additionally comprising: 
removing the filled mold from the magnetic field; and 
removing the mold from the formed tissue-equivalent rod. 

9. A tissue-equivalent rod, the rod including a cylindrical body including a 
longitudinal axis, the body comprising collagen and mammalian tissue cells 
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interspersed within the collagen, the collagen including fibrils, the fibrils aligned in a 
direction substantially along the longitudinal axis within the body. 

1 0. The tissue-equivalent rod of claim 9, wherein the collagen is monomeric 
Type I collagen. 

1 1 . The tissue-equivalent rod of claim 9, wherein the mammalian tissue cells 
include Schwann cells. 

1 2. The tissue-equivalent rod of claim 9, additionally comprising an outer casing 
including a biodegradable or bioresorbable polymer cylinder. 

13. A method for promoting nerve regeneration comprising: 
providing a tissue-equivalent rod having longitudinal and traverse 

dimensions and first and second ends, the rod being cylindrical and of a 
predetermined circumference, the rod having a body comprising collagen and 
mammalian tissue cells interspersed within the collagen, the collagen including 
fibrils, the fibrils aligning and extending substantially in the longitudinal dimension; 

positioning said tissue-equivalent rod intermediate a first nerve ending and a 
second nerve ending; said first and second nerve ending formed by the severance of 
a nerve; and 

attaching said first end of said tissue-equivalent tube to said first nerve 
ending and said second end of said tissue-equivalent tube to said second nerve 
ending. 

1 4. The method of claim 1 3, wherein said tissue-equivalent rod additionally 
comprises an outer casing including a biodegradable or bioresorbable polymer 
cylinder. 

15. A method of forming a biopolymer rod comprising: 
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providing a mold extending in the longitudinal and transverse directions, the 
mold including a cavity, the mold including an axis extending in the longitudinal 
direction; 

filing the cavity of the mold with a solution comprising collagen and 
polymer beads; and 

placing the filled mold into a magnetic field, such that the longitudinal axis 
of the mold is substantially perpendicular to the direction of the magnetic field, 
whereby the fibrils forming in the collagen align in the longitudinal direction. 

1 6. The method of claim 1 5, wherein the mold is cylindrical in shape. 

17. The method of claim 15, wherein the collagen is monomeric Type I collagen. 

1 8. The method of claim 1 5, wherein the filling step involves injecting the 
solution of collagen and polymer beads. 

1 9. The method of claim 1 8, wherein said polymer beads include at least one 
neurotrophic factor. 

20. The method of claim 19, wherein said at least one neurotrophic factor is 
releasably encapsulated within said polymer beads, such that said at least one 
neurotrophic factor is released fi-om said polymer beads into said biopolymer rod. 

2 1 . The method of claim 1 5, wherein the magnetic field is a static magnetic field. 

22. The method of claim 15, wherein the mold includes a biodegradable or 
bioresorbable polymer cylinder. 

23. The method of claim 15, additionally comprising: 
removing the filled mold fi-om the magnetic field; and 
removing the mold fi*om the formed biopolymer rod. 
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24. A biopolymer rod, the rod including a cylindrical body including a 
longitudinal axis, the body comprising collagen and polymer beads interspersed 
within the collagen, the collagen includuig fibrils, the fibrils aligned in a direction 
substantially parallel to the longitudinal axis. 

25. The biopolymer rod of claim 24, wherein the collagen is monomeric Type I 
collagen. 

26. The biopolymer rod of claim 24, additionally comprising an outer casing 
including a biodegradable or bioresorbable polymer cylinder. 

27. biopolymer rod of claim 24, wherein said polymer beads include at least one 
neurotrophic factor. 

28. The biopolymer rod of claim 27, wherein said at least one neurotrophic factor 
is releasably encapsulated within said polymer beads, such that said at least one 
neurotrophic factor is released from said polymer beads into said biopolymer rod. 

29. A method for providing nerve regeneration comprising: 

providing a biopolymer rod having longitudinal and traverse dimensions and 
first and second ends, the rod including a body comprising collagen and polymer 
beads interspersed within the collagen, the collagen including fibrils, the fibrils 
being aligned and extending substantially in the longitudinal dimension; 

positioning said biopolymer rod intermediate a first nerve ending and a 
second nerve ending, said first and second nerve endings formed by the severance of 
a nerve; and 

attaching said first end of said biopolymer rod tube to said first nerve ending 
and said second end of said biopolymer rod to said second nerve ending. 

30. The method of claim 29, wherein said biopolymer rod additionally comprises 
an outer casing including a biodegradable or bioresorbable polymer cylinder. 
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3 1 . The method of claim 29, wherein said polymer beads include at least one 
neurotrophic factor. 

32. The method of claim 3 1 , wherein said at least one neurotrophic factor is 
releasably encapsulated within said polymer beads, such that said at least one 
neurotrophic factor is released from said polymer beads into said biopolymer rod. 
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AMENDED CLAIMS 

[received by the International Bureau on 17 February 1998 ( 17.02. 98)]; 
original claims 1,2,7,9 and 27 amended; remaining 
claims unchanged (3 pages)] 

1 . A method of forming a tissue-equivalent rod comprising: 

providing a rod-shaped mold extending in the longitudinal and transverse 
directions, the mold including a cavity, the mold including an axis extending in the 
longitudinal direction; 

filling the cavity of the mold with a solution comprising collagen and 
mammalian tissues cells; and 

placing the filled mold into a magnetic field, such that the longitudinal axis 
of the mold is substantially perpendicular to the direction of the magnetic field, 
whereby the fibrils forming in the collagen align in the longitudinal direction. 

2. The method of claim 1, wherein the rod-shaped mold is cylindrical. 

3. The method of claim 1, wherein the collagen is monomeric Type I collagen. 

4. The method of claim 1, wherein the filling step involves injecting the 
solution of collagen and cells. 

5. The method of claim 1 , wherein the mammalian tissue cells are Schwann 
cells. 

6. The method of claim 1 , wherein the magnetic field is a static magnetic field. 

7. The method of claim 1 , wherein the rod-shaped mold includes a 
biodegradable or bioresorbable polymer outer casing. 

8. The method of claim 1 , additionally comprising: 
removing the filled mold from the magnetic field; and 
removing the mold from the formed tissue-equivalent rod. 

9. A tissue-equivalent rod, the rod including a cylindrical body including a 
longitudinal axis, the body extending along the longitudinal axis and comprising 

AMENDED SHEET (ARTICLE 1 9) 
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collagen and mammalian tissue cells interspersed within the collagen, the collagen 
including fibrils, the fibrils aligned in a direction substantially parallel to the 
longitudinal axis within the body. 

10. The tissue-equivalent rod of claim 9, wherein the collagen is monomeric 
Type I collagen. 

1 1 . The tissue-equivalen t rod of claim 9, wherein the mammalian tissue cells 
include Schwann cells. 

12. The tissue-equivalent rod of claim 9, additionally comprising an outer casing 
including a biodegradable or bioresorbable polymer cylinder. 

13. A method for promoting nerve regeneration comprising: 
providing a tissue-equivalent rod having longitudinal and traverse 

dimensions and first and second ends, the rod being cylindrical and of a 
predetermined circumference, the rod having a body comprising collagen and 
manmialian tissue cells interspersed within the collagen, the collagen including 
fibrils, the fibrils aligning and extending substantially in the longitudinal dimension; 

positioning said tissue-equivalent rod intermediate a first nerve ending and a 
second nerve ending; said first and second nerve ending formed by the severance of 
a nerve; and 

attaching said first end of said tissue-equivalent tube to said first nerve 
ending and said second end of said tissue-equivalent tube to said second nerve 
ending. 

14. The method of claim 1 3, wherein said tissue-equivalent rod additionally 
comprises an outer casing including a biodegradable or bioresorbable polymer 
cylinder. 

15. A method of forming a biopolymer rod comprising: 
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24. A biopolymer rod, the rod including a cylindrical body including a 
longitudinal axis, the body comprising collagen and polymer beads interspersed 
within the collagen, the collagen including fibrils, the fibrils aligned in a direction 
substantially parallel to the longitudinal axis. 

25. The biopolymer rod of claim 24, wherein the collagen is monomeric Type I 
collagen. 

26. The biopolymer rod of claim 24, additionally comprising an outer casing 
including a biodegradable or bioresorbable polymer cylinder. 

27. The biopolymer rod of claim 24, wherein said polymer beads include at least 
one neurotrophic factor. 

28. The biopolymer rod of Claim 27, wherein said at least one neurotrophic factor 
is releasably encapsulated within said polymer beads, such that said at least one 
neurotrophic factor is released from said polymer beads into said biopolymer rod. 

29. A method for providing nerve regeneration comprising: 

providing a biopolymer rod having longitudinal and traverse dimensions and 
first and second ends, the rod including a body comprising collagen and polymer 
beads interspersed within the collagen, the collagen including fibrils, the fibrils 
being aligned and extending substantially in the longitudinal dimension; 

positioning said biopolymer rod intermediate a first nerve ending and a 
second nerve ending, said first and second nerve endings formed by the severance of 
a nerve; and 

^attaching said first end of said biopolymer rod tube to said first nerve ending 
and said second end of said biopolymer rod to said second nerve ending. 

30. The method of claim 29, wherein said biopolymer rod additionally comprises 
an outer casing including a biodegradable or bioresorbable polymer cylinder. 
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